Objective To investigate whether the positive association of body mass index (BMI, kg/m 2 ) with risk of pancreatic cancer is modified by age, sex, smoking status, physical activity, and history of diabetes. Methods In a pooled analysis of primary data of seven prospective cohorts including 458,070 men and 485,689 women, we identified 2,454 patients with incident pancreatic cancer during an average 6.9 years of follow-up. Cox proportional hazard regression models were used in data analysis.
Introduction
Age, genetic predisposition, and cigarette smoking are wellestablished risk factors for pancreatic cancer. The positive association between a high body mass index (BMI, weight in kg divided by height in m 2 ) and risk of pancreatic cancer has been observed in at least 19 of 29 prospective studies and 3 meta-analyses, although not all showed a statistically significant association. The magnitude of the association varied from 10 to 45% increased risk for every 5 kg/m 2 increase in BMI [1] [2] [3] . There are sparse data on whether the association between BMI and pancreatic cancer risk is modified by age, sex, smoking, physical activity and history of diabetes [4] [5] [6] . We therefore conducted a pooled analysis using primary data from seven prospective cohorts to explore associations that individual studies may lack the power to investigate. We hypothesized that the association between BMI and risk of pancreatic cancer is modified by age, smoking, physical activity and history of diabetes. This analysis is instructive about whether the association between BMI and pancreatic cancer is dependent on other risk factors. We also aimed to determine the magnitude and dose-response of the association of BMI with pancreatic cancer risk.
Materials and methods

Study participants
The present study was comprised of seven prospective cohorts that are studied in collaborative investigations by National Cancer Institute and extramural researchers. Each of these seven cohorts collected body weight and height information and had more than 50 incident pancreatic cancer cases after excluding prevalent pancreatic cancer. Among the studies, the National Institutes of Health-AARP Diet and Health Study (AARP), Agricultural Health Study (AHS), Breast Cancer Detection Demonstration Project (BCDDP), Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial (PLCO), and the US Radiologic Technologists Study (USRT) are cohorts in the United States; the Alpha-Tocopherol, Beta-Carotene Cancer Prevention Study (ATBC) is a cohort of Finnish male smokers; and the Shanghai Women's Health Study (SWHS) is a cohort of Chinese women. The association of BMI with pancreatic cancer risk previously has been investigated in the AARP and ATBC cohorts with less follow-up time than the current analysis. From a total of 1,042,625 participants and 2,828 patients identified, we excluded 45,175 without BMI information, 18,033 with proxy respondents, 239 censored before entry to the study, and 26,684 with extreme body mass values (3 times the interquartile range below or above the quartile values). After these exclusions, we had 952,494 participants and 2,639 patients with incident pancreatic cancer. We included only pancreatic adenocarcinoma with the International Classification of Disease (ICD) for Oncology 3 code C25 or ICD 8 or 9 code 157, excluding C25.4 and 157.4, respectively, which are endocrine cases. The Human Subjects Institutional Review Boards overseeing each study approved the use of the data.
Exposure assessment and data aggregation
At baseline, all participants in each cohort completed questionnaires, either self-administered or through in-person interviews (for ATBC and SWHS), that elicited information on demographics (age, sex, race, and educational achievement level), smoking history, physical activity, and history of diabetes. Dietary intake information was collected in the AARP, PLCO, BCDDP, ATBC, and SWHS cohorts. We calculated BMI using height and weight information that was either measured in the ATBC [6] and SWHS [7] or self-reported in all other cohorts. Information on the history of diabetes was not collected at baseline in the USRT study. We created cohort-specific definitions of low versus high levels of physical activity based on the individual cohort questionnaires using expert judgment. Before aggregating the primary data, we compiled a standardized variable list and recoded the exposure variables in a uniform manner.
Cohort follow-up and case ascertainment Follow-up time was calculated from 1 year after the completion of the baseline questionnaire (age at entry) to the date of pancreatic cancer diagnosis or death, death from any other cause, or last date of follow-up, whichever came first. We excluded the first year of follow-up to reduce the potential bias due to subclinical-disease-related weight loss. Vital status was ascertained by linkage to the US Social Security Administration Death Master File (for AARP) [8] , State Death Registry or the National Death Index (for AHS, BCDDP, PLCO, and USRT) [9] [10] [11] [12] ; Register of Causes of Death (for ATBC) [13] , or Shanghai Vital Statistics Unit (for SWHS) [14] . Incident pancreatic cancer cases were identified from cancer registries or National Death Index (AARP, AHS, ATBC, BCDDP, PLCO, and USRT) [8-10, 14, 15] . All of the PLCO cases, 62% of the ATBC cases, and a small portion of selfreported cases (\10%) in BCDDP were confirmed by medical records or pathological reports [10, 15] . Incident cases in the SWHS were identified through biennial inperson interviews and linkage to the Shanghai Cancer Registry. Histology codes were documented for 79% of the cases.
Statistical analysis
Cox proportional hazard regression models using the attained age as the underlying time metric were used to calculate sex-specific and sex-combined relative risks (RRs) and 95% confidence intervals (CIs) of pancreatic cancer in association with BMI and other risk factors. BMI was modeled continuously (per 5 kg/m 2 increment) and categorically, grouped according to the World Health Organization categories of underweight (16.5 to \18.5), normal weight (18.5 to\25), overweight (25 to\30), obesity class I (30 to\35), and obesity class II or greater (C35) with normal weight being the referent category [16] . We used STATA 9.0 software (STATA corporation, College Station, Texas) to perform the analysis. All P values were based on two-sided tests, and a value of \0.05 was considered statistically significant. We tested the proportional hazards assumption for all variables included in the model using the stphtest command in STATA. We performed meta-analysis [17] of the individual data and as well the aggregate analysis using the aggregated individual data.
First, RRs and 95% CIs of pancreatic cancer in relation to BMI were calculated separately in each cohort with adjustment for age, sex (for sex-combined model), and smoking history (never smokers, former smokers with B10 cigarettes per day, former smokers with [10- , and missing) . A summary RR estimate was then computed by combining the cohort-specific relative risks using a random-effects model [18] . We tested the between-study heterogeneity using a Mantel-Haenszel test and with the I 2 statistic [19] . To investigate the influence of individual studies on the summary RR, an influence analysis was conducted by removing one cohort at a time and calculating the corresponding summary RR.
Second, we aggregated the primary data of the seven cohorts into one dataset to estimate overall risk. Because there was no between-study heterogeneity and the risk estimates from the meta-analysis and aggregate analysis were essentially the same, we present the results of the aggregate analyses. We assessed the association of BMI (categorical) and pancreatic cancer risk using two models: the first model adjusted for age, sex (in the sex-combined model) and cohort; the second model additionally adjusted for smoking history. To test for a linear trend in risk with increasing BMI, we treated categorical BMI as a continuous term in the regression models and used the Wald v 2 test to test for statistical significance. Using the five US cohorts, we calculated the age-, cohort-, sex-, and smokingadjusted population attributable risk (PAR) to estimate the percentage of cases that would have been eliminated had all participants had normal weight (18.5 B BMI \ 25), assuming a causal relationship between BMI and pancreatic cancer risk [20] .
As dietary intakes (saturated fat, fruit, and vegetables) did not confound the association between BMI and risk of pancreatic cancer, we did not include dietary variables in the models. Total energy intake is intimately related to BMI, but such information was not available for all cohorts. Nevertheless, adjustment of energy intake in the AARP, ATBC, and SWHS cohorts did not change the risk estimates (\5% change). Adjustments for race, education, history of diabetes, body height, and physical activity also did not change the risk estimates in general. Therefore, these variables were not included in the models.
Effect modification was evaluated using the stratified analyses according to age at entry (\60 vs. C60 years old), baseline calendar year (before 1995 vs. after 1995), smoking status (never vs. former vs. current smoker), physical activity (low vs. high), and history of diabetes (no vs. yes). To examine the significance of interaction, we generated cross product terms for the continuous BMI variable (per 5 kg/m 2 increment) by these factors. We used the Wald v 2 test to test the statistical significance of interaction. The sensitivity analyses were done by excluding the first 2 years of followup based on 2,257 cases, or participants with self-reported history of cancer based on 2,203 cases. We also limited the analysis to 1,938 patients with pathologically confirmed pancreatic adenocarcinoma.
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Results
The characteristics of all participants are presented in Table 1 . The AHS, SWHS, and USRT cohorts had a younger mean age at entry than the other cohorts. The mean age of diagnosis was 69 years for both men and women. The majority of the US study participants were non-Hispanic whites (84.6%). The AARP and PLCO cohorts had the highest mean BMI, whereas the SWHS and USRT cohorts had the lowest mean BMI. After excluding 8,735 participants with less than 1 year of follow-up, we had 943,759 participants (458,070 men and 485,689 women) and 2,454 pancreatic cancer cases (1,548 men and 906 women) with a mean follow-up of 6.9 years and the follow-up was up to 20 years. Table 2 presents the selected characteristics of men and women at baseline across the BMI categories. The mean BMI was 27.0 (±3.7 SD) in men and 25.8 (±4.9 SD) in women. In both men and women, a higher BMI was related to being African American, having lower levels of physical activity, or having a history of diabetes. Individuals with higher BMI were less likely to be current smokers, but they were more likely to be former smokers. Among former and current smokers, the proportion of men smoking more than 30 cigarettes per day was higher among obese men and the proportion of women smoking more than 20 cigarettes per day was higher among obese women.
In the aggregate data, compared with never smokers, the adjusted RR of pancreatic cancer was 1.23 (95% CI 1.10-1.38) for former smokers and 2.16 (95% CI 1.88-2.48) for current smokers. The RR was 1.05 (95% CI 1.01-1.11) for history of diabetes. High levels of physical activity were associated with significantly reduced risk for all the participants (RR 0.90; 95% CI 0.82-0.99, adjusting for sex, BMI, smoking history, cohort and diabetes), but not for never smokers (RR 1.04; 95% CI 0.88-1.24). Height was not associated with pancreatic cancer risk (RR 0.98; 95% CI 0.79-1.21, highest versus lowest quintile with the lowest cut-off point of 0.91 meter and the highest cut-off point of 1.80 meter) (data not shown in tables). Figure 1 shows that every 5 kg/m 2 increment of BMI was associated with an increased risk of pancreatic cancer. The summary RR from the random-effects meta-analysis was 1.08 (95% CI 1.03-1.14) for all participants, 1.06 (95% CI 0.99-1.13) for men and 1.12 (95% CI 1.05-1.19) for women. The risk estimates across cohorts were similar in magnitude. The exclusion of the AARP study, the largest study, did not change the summary RR substantially (RR 1.10; 95% CI 1.02-1.18). The exclusion of the ATBC or/ and the SWHS study did not change the risk estimate. The test for heterogeneity among cohorts was not statistically significant (P = 0.997). We observed essentially similar associations per 5 kg/m 2 increment of BMI in the sensitivity analysis. For example, for all participants, the adjusted summary RR of pancreatic cancer was 1.10 (95% CI 1.05-1.16) when we excluded participants with less than 2 years of follow-up. Figure 2 shows the linear relation of increment of every 2.5 kg/m 2 of BMI and risk of pancreatic cancer (P-trend 0.02). We plotted the 8% increased risk per 5 kg/m 2 increment of BMI on this association. It shows that the summary risk estimate on a continuous scale was an approximation of the risk estimates on a categorical scale. Table 3 shows the results of the aggregate analysis. Compared with normal weight, overweight and obesity class I were associated with statistically significant increased risk of pancreatic cancer. The association between BMI and pancreatic cancer risk did not differ by sex (P-interaction = 0.44) and age at entry (P-interaction = 0.32) ( , but not for current smokers (RR 1.00; 95% CI 0.91-1.11) (P-interaction = 0.08). The association of BMI with pancreatic cancer risk did not differ statistically significantly by physical activity (P-interaction = 0.61) and history of diabetes (P-interaction = 0.56).
Discussion
High BMI, both overweight and obesity, increased risk of pancreatic cancer in men and women. For every 5 kg/m 2 increment in BMI, the association was borderline significant in men and statistically significant in women. We observed an overall 6% increase in risk for men and 12% for women, which were similar to the magnitude reported by a recent meta-analysis of 16 prospective cohorts 3 that showed 7% increase in risk for men and 12% for women. Along with two recent meta-analyses of prospective studies [2, 3] , we showed no evidence for an effect modification by sex. We estimated that in the US study population, 7.8% of pancreatic cancer would be eliminated if normal weight was maintained. The effect of BMI on pancreatic cancer risk was not modified by age at entry, sex, smoking status, physical activity, and history of diabetes. There was no betweenstudy heterogeneity for the seven cohorts.
Several mechanisms have been proposed for the link between obesity and cancer [21] . Obesity has been related to glucose intolerance, insulin resistance, hyperinsulinemia, and type 2 diabetes. These progressive physical conditions have also been associated with an increased risk in pancreatic cancer [22] [23] [24] . Obesity has an inverse association with concentration of adiponectin, which is an insulin-sensitizing and anti-diabetic hormone. Higher adiponectin concentration had an inverse association with the development of pancreatic cancer in a male smoker cohort [25] . An alternative mechanism by which high BMI may increase the risk of pancreatic cancer is the formation of DNA adducts caused by endogenous lipid peroxidation. A positive association between plasma levels of lipid peroxidation and obesity has been reported in healthy individuals [26] . BMI was the only significant predictor of lipid peroxidation-related adducts levels in adjacent normal pancreatic tissue from pancreatic cancer patients [27] .
We found that the association between BMI and pancreatic cancer risk was slightly stronger among participants whose age at entry was younger than 60 years. It has been suggested that higher BMI early in life may be a better predictor for future pancreatic cancer development than BMI later in life. The latency period between obesity and onset of pancreatic cancer development is likely to be long [28] . Alternatively, a greater misclassification due to misreporting in older individuals may have attenuated the risk estimates. Individuals older than 60 years have been shown to more likely underestimate their current weight than individuals younger than 60 years of age [29] [30] [31] . Nevertheless, the test of interaction by age at entry was not statistically significant.
We did not find a significant interaction of BMI and smoking status in modifying risk of pancreatic cancer. Seven studies found a higher risk of pancreatic cancer among obese never smokers, but not among obese eversmokers compared with non-obese never smokers [5, 6, [32] [33] [34] [35] [36] . Among smokers, tobacco carcinogens may be a more dominant etiologic mechanism than obesity-related metabolic disturbances and may mask the effect of the latter on pancreatic cancer development [6, 8] . In addition, in the short term, nicotine increases energy expenditure and is positively associated with satiety [37] . Smoking can increase metabolic rate and decrease metabolic efficiency and caloric absorption [38] . However, in the long term, smoking is associated with high plasma insulin concentrations independent of other factors known to influence insulin sensitivity [39] . Some tobacco carcinogens may [40] . A Japanese cohort study found that obese smokers had a higher risk of pancreatic cancer than non-obese smokers and suggested an additive effect of BMI and smoking in pancreatic cancer development [41] . While the statistical interaction was not significant, there was a suggestion that the association was limited to never and former smokers. Former smokers, especially those who quit smoking for more than 10 years, had a risk of pancreatic cancer that was equivalent to that of never smokers [42] . Further investigation on the smoking-BMI-pancreatic cancer association is warranted. We did not find physical activity modifies the association between BMI and risk of pancreatic cancer. Physical activity plays a role in reducing glucose intolerance. The joint effect of BMI and physical activity on risk of pancreatic cancer is plausible. Michaud et al. [43] detected a statistically non-significant interaction between BMI and physical activity by showing total physical activity reduced risk among overweight and obese individuals but not among normal weight individuals. Other studies did not show such an association [6, 8, 33, [44] [45] [46] . Our data suggested that an increasing BMI was associated with pancreatic cancer risk regardless of levels of physical activity.
There was no interaction of BMI and history of diabetes in modifying risk of pancreatic cancer. However, we found that a high BMI was associated with a greater risk of pancreatic cancer among non-diabetics. The similar association has been reported in two other studies [5, 34] . This observation suggests that hyperglycemia but not necessarily clinically evident diabetes could exert an effect on pancreatic cancer and supports the hypothesis that insulin resistance plays a role in pancreatic cancer etiology. Although diabetes was associated with risk of pancreatic cancer in our study, we did not observe an association between high BMI and risk of pancreatic cancer among diabetics. Diabetes may be a potential intermediate variable because it could be in the causal pathway of obesity and pancreatic cancer. At baseline, participants reporting to be diabetic might have been at a different stage in the disease course and no longer synthesize insulin endogenously. In addition, interventions including diet, weight loss, and medications could contribute to the lack of association. In the present study, we were not able to distinguish type 1 versus type 2 diabetes; we did not know the time of diagnosis of diabetes; and we did not have updated information on diabetes during the follow-up. These limitations precluded us to investigate the diabetes and weight change in association with pancreatic cancer risk. Further study should investigate whether weight change in diabetics affects the risk of pancreatic cancer. The medications used to control the symptoms of diabetes may also modify the risk of pancreatic cancer [47, 48] . Finally, low statistical power among the small group of diabetics may account for the lack of associations.
The present study has several limitations. As BMI was calculated based mostly on self-reported information, the potential measurement error might have led to an inaccurate relative risk estimate [49] . The information on self-reported physical activity was also subjected to measurement error. We might not have captured critical windows of lifetime weight change that may confer a higher risk of pancreatic cancer, particularly among former smokers. Central adiposity may be a more relevant measure than BMI for risk of pancreatic cancer [8, 44, 45, [50] [51] [52] . AARP, BCDDP, and SWHS collected waist and hip circumference information, but the number of cases in the BCDDP or SWHS cohorts with such data was small (\60) so that the associations with central adiposity would be driven by the AARP study, for which a positive association was previously reported for women but not for men [8] . Because the majority of the cohort members were non-Hispanic whites, we could not perform analyses stratified by racial group. The information on smoking duration and therefore packyear was not available in some of the cohorts. Therefore, the confounding effects by smoking could not be fully adjusted and the residual confounding effects may have biased the risk estimate toward the null. One of the advantages of aggregating primary data compared to literature-based meta-analysis is that it allows categorize the major exposure variables and covariates in the same way and adjust analysis in the same fashion. The present analysis allowed us to detect a statistically significant association that could have been missed by any single study. For example, other than the AARP cohort, none of the individual cohorts detected a significant association between BMI and pancreatic cancer. On the other hand, we detected a significant association with the same magnitude in the pooled analysis of six cohorts without the AARP cohort. The study findings may be most generalizable to the US population than a single study because five of the seven cohorts were from the United States. Consistent with a previous study conducted in Shanghai [53] , we observed a slightly elevated risk among obese Shanghai women using the World Health Organization cutoff point. With the transition to a Western lifestyle pattern, the concurrent rising obesity in the Chinese population raises an opportunity for preventing pancreatic cancer, as well as for preventing other obesity-related diseases. In summary, the adjusted PAR for pancreatic cancer associated with overweight and obesity was 7.8% in the US population, which was lower than 26.9% that was reported by a previous study. The relative risk associated with overweight or obesity was higher in the previous study than in the present study [54] . Nevertheless, given a substantial increase in the proportion of the population that is overweight or obese, reversal of the obesity epidemic offers an opportunity for primary prevention of pancreatic cancer. The relationship between obesity and risk of pancreatic cancer appears to be independent of age, sex, smoking, physical activity, and diabetes. Further epidemiologic investigations on body composition in early life, central adiposity, and weight change and their associations with other modifying factors of pancreatic cancer risk may provide new insight into pancreatic cancer pathogenesis.
